A Beijerinckia strain designated strain Bl was shown to oxidize benz [a]anthracene after induction with biphenyl, m-xylene, and salicylate. Biotransformation experiments showed that after 14 h a maximum of 56% of the benz [a]anthracene was converted to an isomeric mixture of three o-hydroxypolyaromatic acids. Nuclear magnetic resonance and mass spectral analyses led to the identification of the major metabolite as 1-hydroxy-2-anthranoic acid. Two minor metabolites were also isolated and identified as 2-hydroxy-3-phenanthroic acid and 3-hydroxy-2-phenanthroic acid. Mineralization experiments with [12-14C] (4, 5) . This class of compounds is interesting because many of them are chemical carcinogens. Extensive studies have shown that mammals oxidize polycyclic aromatic hydrocarbons to reactive electrophilic intermediates (23). The absolute stereochemistry of the ultimate carcinogens formed from several different polycyclic aromatic hydrocarbons has been determined, and it appears that molecules with the bay region are preferentially oxidized to bay region diol epoxides (17). Although four optically active bay region diol epoxides can be formed from a single bay region polycyclic hydrocarbon, the most tumorigenic enantiomer is almost always the (R,S)-diol-(S,R)-oxide, as shown in Fig. 1 for benz [a]anthracene (15) .
Polycyclic aromatic hydrocarbons are ubiquitous environmental contaminants. They are formed by the thermal alteration of organic compounds, and the types of molecules produced depend on the pyrolysis temperatures (4, 5) . This class of compounds is interesting because many of them are chemical carcinogens. Extensive studies have shown that mammals oxidize polycyclic aromatic hydrocarbons to reactive electrophilic intermediates (23). The absolute stereochemistry of the ultimate carcinogens formed from several different polycyclic aromatic hydrocarbons has been determined, and it appears that molecules with the bay region are preferentially oxidized to bay region diol epoxides (17) . Although four optically active bay region diol epoxides can be formed from a single bay region polycyclic hydrocarbon, the most tumorigenic enantiomer is almost always the (R,S)-diol-(S,R)-oxide, as shown in Fig. 1 for benz [a] anthracene (15) .
Certain species of fungi also show similar enantiomeric specificity with respect to the oxidation of polycyclic aromatic hydrocarbons (6, 14) . In contrast, bacteria utilize an entirely different mechanism to initiate the degradation of this class of compounds. The enzymes involved incorporate both atoms of molecular oxygen into the aromatic nucleus, and the first detectable metabolites are dihydrodiols in which the hydroxyl groups have a cis-relative stereochemistry (14) . For benz [a] anthracene, the bay region 1,2 position is the preferred site of attack, although oxidation at the 8,9 and 10,11 positions can occur (12) . The absolute stereochemistry of the cis-1,2-, cis-8,9-, and cis-10,11-dihydrodiols formed from benz [a] anthracene by a mutant strain of a Beijerinckia sp. has been reported and is shown in Fig. 1 (16) . However, the further metabolism of these compounds was not investigated. Such studies are complicated by the fact that organisms capable of growth with benz[a]anthracene have not been isolated. The formation of the cis-dihydrodiols mentioned above was achieved by using biphenyl-induced cells of a mutant Beijerinckia strain (strain B8/36). We now report the metabolism of benz [a] anthracene to an isomeric mixture of o-hydroxypolyaromatic acids by the parental strain, Beijerinckia strain Bi, after induction with biphenyl, m-xylene, or salicylate. Evidence is also presented for the production of radiolabeled carbon dioxide from [12- MATERIALS AND METHODS Organism and growth conditions. A Beijerinckia strain designated strain Bi and originally isolated for its ability to grow with biphenyl as a carbon and energy source was used throughout this study (13) . The organism was grown in mineral salts medium (22) 14 to 16 h, they were centrifuged at 23,300 x g for 15 min to remove cell material. Cell pellets were washed twice with 100 ml of phosphate buffer, and the supernatant solutions were pooled. The combined supernatant solutions (600 ml) were acidified to pH 2.5 and extracted as described above.
Physicochemical analysis of metabolites. The absorption spectra of metabolites were determined in methanol on a Cary model 14 (Fig. 2) . Over a 24-h period, biphenyl-induced cells produced 1.90 ,umol of '4CO2, which corresponds to an overall conversion of 4.2%. In addition, 16.6% of the '4C label was present as acid-extractable metabolites (Table 1) . Relatively little benz[a]anthracene was converted to nonextractable products as compared with the biphenyl control. The radioactivity associated with the neutral extracts was found to be unmetabolized substrate.
An analysis of the acid extracts by TLC (solvent A) indicated the presence of two acidic metabolites (compounds 1 and 2). Both compound 1 (Rf = 0.52) and compound 2 (Rf = 0.65) absorbed UV light (254 nm) and gave positive (Table 2 ). Since the levels of product formation from m-xylene-and salicylate-induced cells were at least 50% lower than those observed for biphenyl-induced cultures, the latter were used for subsequent studies. Kinetics of benz[a]anthracene metabolite formation. The formation of compounds 1 and 2 was monitored by TLC and LSC. Both metabolites appeared to be produced in equimolar amounts during the initial phase of transformation, after which compound 2 was produced in excess of compound 1 (Fig. 3) . Maximum accumulation of both metabolites occurred approximately 14 h after the addition of substrate. After this time, the concentration of both compounds began to decline. A 56% conversion of benz [a] anthracene to the two phenolic acids was observed after 14 h.
Isolation of benz[aJanthracene metabolites. Isolation of compounds 1 and 2 was achieved by reverse-phase HPLC. Analysis of the acid extract in system A resulted in the elution of compound 1 at 17 min and compound 2 at 22 min (Fig. 4) . Preliminary NMR analysis indicated that the fraction designated compound 1 was a mixture. Further Characterization of the major metabolite: compound 2. The absorption spectrum of compound 2 (methanol) showed a maximum at 260 nm (e = 5,600 M-1 cm-') and minor absorptions at 365, 285 (shoulder), and 228 nm (Fig. 6) (Fig. 4) Fig. 7 ) at 12.9 ppm (1H) was assigned to the phenolic proton. This is consistent with the observation of a proton signal at 12.4 ppm (1H) in the methyl ester derivative (data not shown). A methyl group singlet for the ester was located at 4.03 ppm (3H) and was associated with the loss of a proton signal in the aromatic region. This suggests that the signal for the carboxyl proton of compound 2 is located in the region of the aromatic signals at 7.50 to 7.65 ppm. A deuterium exchange experiment was performed with the methyl ester of compound 2. The result of this experiment indicated that the signal at 12.9 ppm was suppressed and thus that the phenolic proton had exchanged with deuterium, lending further evidence to support this assignment.
Characterization of minor metabolites 1A and 1B. The absorption spectra of compounds 1A and 1B are shown in Fig. 6 . Both compounds gave similar spectra with absorption maxima at 259 and 290 nm. They each gave broad absorption peaks in the 360-to 375-nm range. Compound 1B showed additional absorption peaks at 266 and 272 nm which are detectable only as shoulders in the spectrum of compound 1A. Extinction coefficients were calculated at 259 nm and found to be 3,000 M-1 cm-' for 1A and 3,200 M-1 cm-' for 1B. Mass spectral analyses of compounds 1A and 2B indicated that they were structurally similar to 1-hydroxy-2-anthranoic acid. EIMS of both compounds gave molecular ions at m/z 238 with fragment ions at mlz 220 (M+-H2O), m/ z 192 (M+-HCOOH), and mlz 164 (M+-HCOOH, -CO). Derivatization of 1A and 1B with diazomethane generated the methyl esters of both compounds. EIMS of each methyl ester gave molecular ions at m/z 252 and fragment ions at ml z 220 (M+-CH30H), mlz 192 (M+-HCOOCH3), and mlz 163 (M+-HCOOCH3, -HCO).
An analysis of the proton magnetic resonance spectra (Fig. 7) of compounds 1A and 1B is presented in Table 3 . The data suggest that compound 1A be identified as 2-hydroxy-
Wovelength(nm) Wavelength (nm) FIG. 6 . UV absorption spectra of compound 2 (A), compound 1A (B), and compound 1B (C). Samples were dissolved in methanol to yield the following concentrations: 2 (0.04 mg/ml), 1A (0.08 mg/ml), and 1B (0.05 mg/ml). The spectra shown are for 1.0-ml samples and were recorded with a Cary model 14 spectrophotometer at 1.0 absorbance unit full scale. . 500-MHz proton magnetic resonance spectra of compounds 1A, 1B, and 2. Samples were dissolved in anhydrous acetone-d6, and spectra were recorded on a Bruker WM 500 spectrometer. Chemical shifts are referenced in parts per million (ppm) downfield from the internal standard tetramethylsilane.
3-phenanthroic acid. A deuterium-exchangeable proton with a broad signal (not shown in Fig. 7 ) centered at 11.2 ppm (1H) was assigned to the phenolic proton by analogy to compound 2. A second deuterium-exchangeable proton (not shown in Fig. 7 ) was observed at 6.55 ppm (1H) and was assigned to the carboxylic proton. Assignment of the phenolic group to C-2 is based on the shielding effect this group has on an ortho-proton and is evidenced by the upfield shift of proton H-1. In addition, carboxyl groups have a deshielding effect on ortho-protons, and this is seen in the downfield shift of proton H-4. Using the same rationale, compound 1B was identified as 3-hydroxy-2-phenanthroic acid. It is important to note that proton H-1 is now shifted downfield owing to the influence of the ortho-carboxyl group, while proton H-4 is shifted upfield owing to the ortho-hydroxyl substituent. This compound also exhibited deuterium-exchangeable Formation of 1-hydroxy-2-anthranoic acid as the major product is consistent with previous results which showed that the preferential oxidation of benz[a]anthracene by Beijerinckia strain Bi occurs at the 1,2 position (12, 16) . The formation of o-hydroxyaromatic acids as intermediates in the bacterial degradation of naphthalene, anthracene, and phenanthrene has been reported (7-9, 18). The major pathway proposed for benz [a] anthracene degradation is shown in Fig. 8 and is analogous to that reported by Evans et al. (8) for the oxidation of phenanthrene to 1-hydroxy-2-naphthoic acid. Furthermore, the formation of 2-hydroxy-3-phenanthroic acid and 3-hydroxy-2-phenanthroic acid presumably occurs by oxidative cleavage of catechol formed at the 10, 11 and 8,9 positions of benz[a]anthracene, respectively (11) .
Both of these acids appear to be formed by a series of reactions analogous to those proposed for the oxidation of anthracene to 2-hydroxy-3-naphthoic acid (8) . The dioxygenase that initiates the degradation of benz [a] anthracene is known to have a relaxed stereoheterotopicity (16) , and it now appears that subsequent enzymes of the pathway may also exhibit this characteristic. Further studies are needed to clarify this point.
It is interesting that Beijerinckia strain Bi is capable of forming 14CO2 from [12-14C] benz [a] anthracene. The position of the 14C label is significant, since interior ring labeling means that at least two aromatic rings of the substrate must be cleaved before any CO2 is released. This is supported by the observation that the isomeric o-hydroxypolyaromatic acids are slowly metabolized (Fig. 3) (19, 20) . Since these molecules do not appear to induce their own metabolism cooxidation may represent a significant mode of degradation in situ.
